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MARK 41 LITHIUM DAMAGE ANALYSIS

INTRODUCTION
..

The Mark-41 assembly currently under development is a coaxial
tubular PuOa/lithium assembly designed to replace a portion of the
Mark-31 assemblies in an E/D charge to upgrade the inventory of 242Pu.
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Transient safety analyses of thi.8charge,.require a knowledge of the
“*2

extent of-absorber removal by melting initiated by loss of flow or
flow instability. This memorandum presents the results of an analysis i
of damage to the Mark-41 lithium tube during tranaienta caused by loss
of flow and indicates no consideration need be given to loss of Mark
41 assemblies provided assembly power is at least 28% of original.
Exposures beyond this point will require additional analyses or design
modifications.

SUMMARY ,,

Dam$ge to the lithium tube during a transient assembly meltdown
is dependent upon the relative power of the PuO and Li tubes at the

!
time of transient initiation. At low exposure during the first few
subcycles), no damage to the lithium is expecte because melting of the
relativelyn?$igh-poweredPuO~ tube and channel reflooding occurs before
the lithltiiitube temperatures become high enough to cause melting.
Hoyever, at high exposures, significant damage to the lithium tube is
ex~ected because the power of PuO. and lithium tubes is nearly equal
and both tubes will melt at nearly the same rate.

DISCUSSION

The analysis of damage to the Mark 41 assembly is based on the
following sequence of events:

,,,.-.,.

1)

2)

3)

4)

5)

6)

Total blockage of the assembly inlet occurs,

Heat generated in the PU08 and lithium tubes bolls coolant until”
channels become completely voided,

F’uOeand Li-Al tubes adiabatically heat at a rate dependent on
the fission and gamma heat produced in the tubes,

Adiabatic heating continues until the PuCS tube completely melts
(The lithium tube may or may not melt during this period),

The assembly starts reflooding with coolant through the bottcm
end fitting after all of the I?uOatube merts, and

Steady state reflux cooling occurs when all of the stored thermal
energy within the unmelted portion of the assembly has been
removed .

Adiabatic heating and melting calculation were made using the
AMELT code developed earlier for parametric mel%ing studies. This
code is briefly described In the Appendix. Assembly reflooding calcu-
htiOnS were made on the basis of heat removal rates by reflux cooling,
i.e., vaporization of coolant within the assembly channels and subsequent
condensation on internal USH surfaces above the core elevation. This
cooling mechanl.smIs conservatively calculated to remove about 340 kw
Of assembly heat.
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Damage to the llthium tube was evaluated by calculating the extent
of lithium melting which occurred in the total time required to-.

., completely melt the PuO% tube plus the time to reflood the assembly
and establlsh reflux cooling. Both of these time periods are dependent
on the power produced in the PuOZ tube which decreases with exposure.
The lithium tube power remains relatively constant with exposure.
Gamma heating represents a significant fraction of the assembly heat
and was evaluated from data given in reference 2.

The time required for assembly reflooding is shown in Figure 1
as a function of the percent of assembly power produced in the PuOa
tube. Time to reflood increases with exposure (decreasing PuOa power)
because the time required to completely melt the PuOa tube increases
with a concomitant increase in the stored thermal energy in the lithium
tube which must be removed during reflooding.

The calculated temperature historj of the PuO= and lithium tubes
is shown in Figure 2 at a point early in the exposure of the assembly
where the PuOe tube is generating about 92 percent of the total
assembly heat. The upper graph in the figure indicates that PuOe
temperatures are calculated to increase linearly for approximately 5
seconds, initial melting occurs at 8 seconds, and complete melting in
13.2 seconds. The lower graph indicates that the maximum temperature

,. of the lithium tube 13.2 seconds after loss of flow is about 350°C. At
this point reflooding occurs, and lithium tube temperatures decrease
in about 4.5 seconds to the pre-incident temperature of 12CfC;with no
damage to the tube..,

Figure 3 shows the calculated temperature of the assembly tubes
during melting at the enclof the planned exposure. The PuO= tube is
generating about 66j% of the total assembly power at this exposure.
The upper graph shows that approximately 77 seconds is required.to
completely melt; the PuOe tube based on the previously stated model.
The corresponding damage to the lithium tube at this time is about 90
percent and reflooding will not occur in time to prevent complete
melting.

Figure ~ summarizes the results of lithium damage calculations
made for the range of exposure of the Mark 41 assembly expressed.as a
percent of assembly power in the PuOe tube. As can be seen, no lithium
damage occurs for a loss of flow incident at assembly.exposures where
the PuO, power is greater than 81.5 percent of the assembly total.
This corresponds to an assembly power equivalent to 26$ of initial power,
At greater exposure where the PuO= power percentage is below this value,
lithium damage increases, ultimately reaching total damage before the
planned end of assembly exposure.

Damage to the lithium tube initiated.by a flow instability is
expected to be significantly less than the estimated damage due to a

. loss of flow. First of all, an adverse flow instability would most
likely occur when the assembly has the highest heat generation to
flow ratio. This occurs at the beginning of exposure where no lithium
damage is expected if melting occurs. At greater exposures, propagation
of flow instability becomes less likely because total assembly power
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is reduced. Secondly, some heat is removed from the assembly during %
flow decay and steam flow conditions. This heat removal is expected
to account for most, if not all, of the he8t generated by the assembly
at the end of exposure where lithium tube melting for a total loss .

of flow is the most severe. Finally, because of the larger pressure
in the plenum than in the tank, the flow recovery time for a flow
Instability i.sconsiderably faster than the reflood times for a loss
of flow nhlch will limit lithiti tube damage if melting occurs.

Alternatives exist in the design and operation of the Nark 41
assembly which can be used to reduce damage to the lithium tube.
The capacity for stored thermal energy in the litfiiumtube can be
increased by increasing the cross-sectional area of the tube. ThiS
effectively reduces the ultimate tube temperature at the point of
reflooding. Preliminary calculations for 1.5 inch inner diameter
lithium tube (present I.D. is 1.995 Inches) ind.1.oatethat lithium
melting will not occur during a loss of flow incident until the PuOe
tube is generating only 71 percent”of the total assembly heat, A 1.0
inch inner diameter tube is calculated not to melt at any’point in the
planned exposure.

Accident analysis calculations are planned.to determine if damage
to the lithium tubes will have an adv,er.seaffect on an unscrammed
transient. These calculations will indicate whether or not additional
alternatives have to be explored.

REFERENCES

1. “Development Program for Producing High 242Pu,
%?TZ$kwi5;”{SECRET ).

2“ g%%j.H’ ‘“
“Bismuth Target Design,” DPS’.&67-264
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APPENDIX

.
., The assembly melting code AMELT calculates the transient

temperature, melting profiles and molten material transport within
tubular assemblies for either cosine or saddle power shapes normalized
to any desired amplitude. A listing of the code is provicledin the
back of this appenditi.

The basic equations used in the code are the finite difference
form of the following equations:

,,+.

.,

.,

.

where, T = metal temperature, T*

Y = melt fraction, O ~Y ~ 1

To = thermodynamic reference temperature, T

~ = melting temperature of metal, T

P . metal density, M/L’

CPS$l =metal heat capacity, QAT (solid anclliquicl)

AHf = heat of fusion, Q/M

t = time, t

x = axial elevation, L

S(x) = axial radiolitic heat source function, Q/Lb

Q(x) = axial volumetric heat 10SEJfrom surface heat
transfer, Q/Lot

* Units are shown in generalized form and any consistent set of units
may be employed. :;.“:..’

~
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axial radio,liticheat
?., .-
Coslne power shape:

-io-

F,‘
source function is given by: -,

Saddle power shape:

n

+

C05(*T

SIN )’2 ‘%L~
XL

(4)

,::

where, P =

V.

R=

L=

x=

*P =

XL u

overall

overall

peak to

assembly power, Q/t

volume of assembly, La

minimum ratio

assembly core length,L

assembly elevation,-L/2 ~ x ~ L/2

elevationcorrespondingto saddle peak,

assembly length extrapolatedto power =

Molten material was assured to adhere to the tubes until accelerated,
into the coolant channels as calculatedby the followingparticle
transportexpreaalon:

-..

L

zero, L

(6)4!? .68375 ~pDLti.-vPf+q
d-t

where, Vp = particle velocity;L/t

Va = steam velocity,L/t

______
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gravitationalconstant,L/T”

density of steam and particle,M/La

particle diameter,L
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v 71 ) .QS1360 FORTRAN Ii

FILER CIPTICNS - )!At4E= MA Ih, CFT=OO, LIh ECtiT =5 F?>SIZE= OOOOK,

SOURCE,EBCDIC,KJQLIST,F:DDECK ,LC4D,YAFtNEEDITtIC,XREF
DIMENSION E(125),Y( 125),T(125), #T (45),P( 125), IS( 125), V(125)
DIMENSION Fti(lz51,NAT(12E),RAT(i2S),PL(45),!~T(1251,F&TE(400)
** READ NC CF dSSEMt3LY TU8ES
RE.4c(5,5000) NT
FO?,YAT(13)
DC 1000 IT=l,NT
KC=C?
MLAST=,J
** RE#c ASsEVf3LY TLlf!E INF{OGFATIGN

1.
1.
1.
1.
1.
2.
2.
2.
2.

READ(5,50LO) ’15H,H,EXH ,XP,PkR,R,PE15K.,VGLC,HU, FUS,TI,TM 2.

REAC(5,?015) PSIZ,POE~l,S TO,SVEL,OT ,AWGT 2.

5010 FcFNfiTl13,11F5.1) 2.

5015 FORW~.?(8F5.1) 2.

c *X sETIJP INITIAL VALUES 3.

c
w

,,
..

c

c

c

c

.$

., c

20

40

50

60

70

IPR!NT=O
T1:.lE=o.Q

VCLI=VCLC
WL=H
NZ=120
ZF!=120.
ZHU=HL/ZN
zFus=F(IS/zh)

ZtdGT=AkGT/ZP!
xx LtLcuL&.TE INITIAL ELEVATIONS

x=lJ/t,’z
E(l)=x/2.c+(Exk-H)/2.o
V(l)= E(I)
OC 20 I=2,NZ
E(II=E(I–lI+X
Y! I)=E(I)
xx cALcluLJTE INITIAL TEYFFRATUPES

DC 40 I=l,NZ
RAT(I)=TI
T(I)=TI
AvG TE~~PS
DO 50 J=1,40
YL(J)=3
IATIJ)=TI
INITIAL NELT,
Do .50 I=l,KZ
ls( 1)=1
V([)=o.o
FM(l)=o.o

vELOCITY, MELT FRACTION

INITIALIZE MATERIAL ACCOUNT
00 70 J=l,NZ
MAT(J1=l
FRINTCllT IT TI!!E =o
t~RIIE( 6,601C)C~lF,k,PSl Z,FCEN\SVEl
MRITE(~,~,JLl)

FCF.~{4T lltll,lX,*P=1, F5.3, ~(1.0+l,F:.2t1*DT ) PART t!IA=t,F6.3f

*JI;J. PART SPCR=1,F5.1,~ STE2P VEL=’,F6.1~’FT/SEC’/ )

TE(o,6020)(1’L( Il,I=l ,40)
TE(E,6JZL) (IAT(I),I=1,40,2)

3.
3.
3.
3.
3.
3.
3.
4.
4.
4.
4.
4.
4.
4.
4.
F.,<
c/,
5<
5.,
c-,

5(
5<
5,
6.
6,
6<
64
6,
6
6.
t.,

7.’
7.
7.
7.
7.
7.
7.
7.
?.
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c

c

c
80

?0

c
100

110
c

120
c

c
c
c
c
c
c
c
c
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\fR.ITE( 6,6c22)(IAT[I), 1=2,.40,2)

MZ=(I
NTEF=O
CGNTINUE
T1!+E=TIME+DT

PwR=FWR*(l.O+R*DT)
$* TFANSIENT STATE CF ASSEMBLY

TEST FIJ? DEGREE CF PELTING
IF(NTEF.GE.117) GL IL 900
** cALCULATE I\!ITIAL J,X14L SEGMENT PChEP
GO TO (8O,1OO),ISF
COSIfdF PROFILE
cCk=p’.JR/(2.O*S1N(3.l4l6*~/( 2.C*EXt~ll
slJpiP=o.o
DC 90 I=l,NZ
xl=E(I)-x/2.O
X2=E(I)+X12..O
TEFW1=SIN(3.1416*(2 .0*X2-EXH) /(2.C*EXH))

TERM2=SIN[3.141&*(2. O*X l-EXl+)/12.O*EXH))
D(1 )=co)/*(TER!ql-TERM2)
s(jf4?=$.ut.~P+P(1}
Gil T12 120
sAD!)LE FROFILE
C1=XP*XF*I-!+F**3*[PEAK-1. 0)/6.C-P**5*(PEAK-l.0) /180.O*XP*XP)
suf4P=o.Q
no 110 I=l,NZ
xl=E(I)-x/2.o-H/2.o
X2=E(1)+X/2.C-H/2.O
Tl=(X2-Xll/&.
T2=?.cl*(DEt.K-l.c),/cl
T3=H**4*{X2-Xl)/(ltO.C*l?~cXPl
T4=F*H*[X2-Xl)/i2.O
T5={x2**3-xl**3)/J.o
T6=(X2**5-X1**5)/tlC.C*XP*XP}
PELP=T1+TZ*IT3-T44T5-T6)
p[I)=FELP*PhF
SU.MP=SL!FP+P{ 1)
SUR~EFCFC ASSEMPLY P@WEE
sAP=SUMP*hL/H
** cLLC!!L.4TF @,LcI\.It)CWN‘OF C13CLANT IF! ASSEMELY CHdNNELS

IF(tiCLC.LF.l.OF-5) GC TC 150
voLc=w3Lc.-s/\P*DT*l3.e.3
IF(VULC.LT.O.0) VCLC=O.O
hL=VCLC*}+/Vr!-I
NGW H4VF wE7TECI LENGTH CF ASSEP9LY
4SSCWPLY FLFvLtT1@NS~@OvE THIS wETTEfT ELEV4TICN ARE ASSUMEO TO

Lc)I,4E!LT1CALLY fiEiT--4SSEPBLY HEAT EELCW THIS ELEv~TIcF: WILC Go
T(I F(IkTHEF VAPORIZE REPAl~dING CllCLfiNT IN C!+AFJNFLS
1S(1), J?JCFX CF ASSEPPLY 5TfiTiJS !S AS FOLLD!SS
1s(11=1 NETAL IS If: CChTACT WITH CCCLtAT
!s(1)=2 sOLID 13ELCI\l VP NCIT IN CCIF!TACT kITH CGOLANT
1S(1)=3 SOLID AT $’ELTING PCINT
1S(11=4 LIOUID AT CF AP.OVE MP

150 CGNTINUE
DO 160 I=l,KZ
IF(!S(I I. EG.1.CND.E(I).GE .WL) 1S(1)=2

!3.
8.
e.
e.
@.
E.
8.
9.
se
9.

‘“l9.s.s.,
9.

It.’
10.
10.
10.
10.
io.
lC.
10.
11.
11.
11.
11.
11.
11.
li.
11.
12.
12.
12.
12.
12.
12.
12.
12.
13.
13.’
13.
13.

1?.
13.
13.
1?.
14.
14.
14.
14.
!+.
14.
14.
14.
15.
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170

175

180
c

200
c
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..

210
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220
c

230

,,,

.,

240
2:0

-14-

~f_jNTIF!!J~

KC=KC+l
CALCIJLATE TRANSIENT TEPFS

CG 180 I=l,vz
J=IS(I)
GO T12 118C, lf.5,175,1:5),J
~(?)=T(i)+P(I}*~T/zH~

1s(11=3
FP=(T(l!-T>l)*ZHL/OT
FPII)=Ff~lI)+FP*CT/ZFUS

‘(I)=TP
co ?? 183
FF!(I)=F~(I)+P(I)::LT/ZFUS
IF(FY(I).LT.1.G) GO TO 180

PIz
kz
:)-\

x)
J)+

1s( 11=4
CCNTINL!F
CALLULLTE JVC TE~lFS
~ .0

Ocl 200 .1=1,$.12,3
h!=ti+ 1

4T!b1)=lT[J)+T1.1+1, )+T(J+.2))/3.O
L,!,Lcu:A;E VELOC17iSS CF VELTE@ ZC?,ES

C14F=cS17./L2.
PT13=DOE,!.*62 .4
PC! .?10 J.=l,f’Z
IF(IS(IJ.!.F.4) crl TO ZIO
ACC=0.3”i5t:STC* ($VEL-b (i))~:*2/(PTC*r.I~F)t32.2
V11)=V(I)+4[C*DT
IF(VII) .GT.SVCL)V(l I=SVEL
c[!r:TIrNcE
f41.CULITE ELF.vLTI(NS

nr~ 220 .)=l~~.z
IF(IS(J!.F:F.4) Gc “rr 2?3
E(J)=E(J)-V(J)*C7
IF{E(JI .LT.O.O)EIJI=O.O
COiJTIf:UF
lJP!l/.TF F!ATEF12L FCI-
02 230 1=1,?:2
FAT(1)=9.O
MAT(l)=O
011 250 1=1’
CO 240 J=l
EDIF=~8s(E
IF(EOIF.(;T
MdT(J)=VAT
PAT[J]=:AT

GO T() 250
CCK;TINUC
C[,NTIIJL;
KFiT~O
00 280 !=L,NZ,3
Kf~T=KfiT.+ I

ST=O.O

(J))
GC ‘v 240

J)+T(I)

i

DPST-74-449

15.;
15.!
15..
15.!
15.’
15.”
15.:
16.
1’.5.
16.

16.[
17.i
17.:

18 ..s’
!~. I
19.2
1,5.3
1s.4
1$.5
1s.6
1s.7
19.8
20.1
20.2

20.4
20.5
20.6
2C. 7
?0.8
21.,1
21.2
2L.3
21.4
21.5
21.6
2).?

21.:
22.1
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AV=3.O
DO 260 J=1,3
K~.J-l

IF(’IAT(I+KL). EC.OICO T(I 270
ST=ST+P4T(i+KL)/MAT( [+KL)

C:;NTINL:
!F(Lv.EO.O.O)G’7 TC 290
ilT(KN7)=ST/iV
GO ?0 2S!3
aTIKr*T)=o.o ‘
cCNTINIJE

~K=r3

09 300 1=1s142.93
KK=KK+I
‘.lL(<K )=~AT(!)+YAT{I+ L)+V4T(I+2)
!/TEF=o
Mzi_.o

CC 320 I=l,kZ
IF(E(l I.EC!.C.0JP7EF=MTEF+1
LCNTII\!IJE
A?z=()

00 ?40 I=l,NZ
IF(IS(I).NE.4) GO TO ?49
IF(VZL.EC.O)NZ.L=I
!.iz=~.fz+l
cckTIb!l.:F
VZli=FZL+’4Z

wkITE(~,602!J)(?L (I)!I=l*~~)

6020 FCP’~tTi lHC,5X,’tO13)
00 36> J=l,+C

360 IATIJ)=AT(J)
WPITF[6,60?I) (14T[I} ,1=1,40,2\
WR1TE(E,6:022)(1AT(Il,1=Z,+O~21

6021 ECP’~LT[l’+0,3X,201&)
c022 FU:~GT( lHCrtX,2C16)

PL&ST=MTEF
GC TG 999

?99 CONTINUE
TFIN=KC:>DT

10CO CCVT!fi.’UE
STCIP
~fijo

22.
22.
22.
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